The ability to provide a realistic perception of depth is the core added functionality of modern 3D video display systems. At present, there is no standard method to assess the perception of depth in 3D video. Existence of such methods would immensely enhance the progression of 3D video research. This paper focuses on the depth perception assessment in color plus depth representation of 3D video. In this paper, we subjectively evaluate the depth perceived by the users on an auto stereoscopic display, and analyze its variation with the impairments introduced during the compression of the depth images. The variation of the subjective perception of depth is explained based on another evaluation that is carried out to identify the Just Noticeable Difference in Depth (JNDD) perceived by the subjects. The JNDD corresponds to the sensitivity of the observers to the changes in depth in a 3D video scene. Even though only the effects of compression artifacts are considered in this paper, the proposed assessment technique, based on the JNDD values can be used in any future depth perception assessment work.
INTRODUCTION
3-Dimensional Television (3DTV) provides improved experience to its viewers by providing the sensation of depth. Thus, 3DTV is a technology based on exploiting the properties of human depth perception [1] . Therefore, it is important to provide 3DTV services in a way that it enables high quality natural depth perception.
Quality assessment is a key component of any video related service system. While subjective test results still remain the 'Gold Standard' of quality measurement in video research, objective metrics are of utmost importance for the timely development of 3D video related technologies. Quality assessment of 3D video is posing new challenges to the 3DTV research community. Among these, assessment of the perception of depth remains an unanswered problem. In this paper, we address this issue to a certain extent in the context of color plus depth representation of 3D video [2] , where a monoscopic color image and a per-pixel depth image is used to represent 3D video. Using these two components, two slightly different perspectives of the same scene, known as stereoscopic views, are rendered at the receiver.
While humans use different physiological and psychological cues to perceive depth [3] , binocular stereopsis is the most important additional depth cue provided by modern stereoscopic 3D displays, in comparison to traditional 2D displays. Binocular stereopsis is the sensation by which the brain interprets depth information, by making use of the two slightly different views seen by the two eyes. Thus, the human brain is able to perceive depth by analyzing the disparities of different objects in stereoscopic views.
One of the earliest studies reported in [4] , explored the variation of human experience on three specific perceptual attributes of 3D video. These attributes are perception of depth, presence and naturalness of the depth. It was shown that the increase in depth would lead to an enhanced sense of presence, provided that the depth is perceived as natural (i.e. depth cues introduced are consistent and within natural bounds). The effect of depth image quality on 3D perception was presented in [5] . Here, the depth images were quantized at different bit rate settings and subjectively evaluated for overall 3D perception. It was concluded in [5] , that the depth image can be significantly quantized without affecting the quality of 3D perception. In [6] , the correlation between existing 2D video quality metrics and subjective scores on perceptual attributes of color plus depth based stereoscopic video, was analyzed. It was concluded in [6] that out of many 2D metrics considered, the Video Quality Metric (VQM) [7] of the color component correlates strongly with the overall perception of depth perception. Further, there was no quality metric among the ones that were tested that could be applied on the depth image alone, which correlates strongly with the viewer ratings of depth perception in 3D video. Similarly, in [8] it was reported that for 3D video depth distortions are less significant than the color distortions.
Although, it is reported in [5] [6] and [8] that the depth perception does not change with different quantization levels of the depth image, none of them explain the reason. This paper investigates in detail the reaction of observers to the changes in the depth images incurred due to the compression artifacts. To explain the variation of the perceived depth, we subjectively investigate the behavior of the Just Noticeable Difference in Depth (JNDD) perceived by humans, in a 3D video scene. The reason for observers to not perceive any significant depth changes, due to the impairments in the depth images, is explained with the findings of the JNDD investigation.
The rest of the paper is organized as follows. The Section 2 describes the subjective experiment carried out to investigate the variation of the perception of depth with different quantization levels and in section 3 the experiment to evaluate the JNDD values is presented. Section 4 explains the variation of the depth perception with the JNDD results. The Section 5 concludes the paper with some directions for future work.
EVALUATION OF DEPTH PERCEPTION
This section provides details of a set of subjective experiments carried out to evaluate the user perception of depth in 3D video. In particular, we investigate how the users react to the impairments in the depth images, which are caused during compression. 
The Experimental Setup
The subjective experiment is performed according to the ITU-T BT.500-11 [9] and 16 observers (6 experts and 10 non experts) participate for all tests. In contrast to the standard, some experts are also selected for the experiment considering the specific nature of 3D video. All participants have a good visual acuity (> 0.7, as tested with a Snellen eye chart), good stereo vision (< 30 seconds of arc, as tested with the Randot stereo test) and good colour vision (as tested with the Ishihare test). The experiment is performed on a 42" Philips WoWvx multi-view auto-stereoscopic display. The aspect ratio is 16:9 and the peak luminance is 200 cd/m 2 . The viewing distance is set at 3m from the screen plane, which is the optimum for display optics. Inputs to this display system are in the form of color plus depth representation of 3D video. For this representation, the depth map has 256 (0-255) distinct depth levels. Video objects that have a depth level of 128, have zero disparity (co-planar with the screen plane).The measured environmental illumination is 200 lux, which is the recommended in [9] for home environments.
The Experiment
Several 3D video sequences are considered for subjective testing. However, the results are presented for sequences "Breakdancers" (high motion/ high depth variation with static camera), "Chess" (low motion/ high depth variation and parallel camera motion), "World Cup" (medium motion/ low depth variation and Static Camera) and "Interview" (low motion/ low depth variation with static camera), considering their different characteristics. The thumbnails of two of the sequences are shown in Fig. 1 . In each subjective evaluation test, observers are asked to assess the perceived depth in the impaired video sequence with respect to the one without any impairment. . The Double Stimulus Continuous Quality Scale (DSCQS) method [9] , which has a scale ranging from one to five, is used in the experiments. H.264 reference Joint Model software (JM Version 15.1) is utilized to encode the depth map sequence at 5 different Quantization Parameter (QP) settings (QP = 22, 27, 32, 37, 42). The color images are not compressed.
The Results
The results of the subjective experiments are presented in consistent and a very slight decreasing trend with increasing QP. Since the decrease in the MOS is so small, it can be concluded that depth perception does not change even if the depth images are highly compressed. In general, the absolute MOS for the sequences 'Breakdancers' and 'Chess' is higher than the other two sequences. The reason could be that 'Breakdancers' and 'Chess' contain more distinct depth level than 'Interview' or 'World Cup', where the number of distinct depth levels is around three.
EVALUATION OF THE JNDD BEHAVIOUR
In order to explain the subjective results presented in the previous section, we performed a subjective experiment to understand the sensitivity of humans to changes of depth in a 3D video scene. The binocular stereopsis cue is the most significant additional depth cue provided by 3D displays. As described earlier, it is a cue in which the brain interprets depth information by making use of the two different views seen by the two eyes. This section it is describes how the just noticeable difference in depth that is perceivable with the binocular stereopsis cue is experimentally evaluated.
The Experimental Setup
The set up consists of the same display that is described in section 2.1. The near clipping plane and far clipping plane of the display used are both placed approximately 15.25 cm apart from the screen plane. The depth levels 0 and 255 are displayed 15.25 cm behind and in front of the screen respectively. 18 subjects in total participated in this experiment.
The JNDD Evaluation Experiment
Subjects are asked to watch a synthetic image sequence with two objects, both representing a synthetic image of a car, as shown in Fig. 3 (a) . In a natural scene, there are many other cues to enable depth perception. However, in this experiment we measure only the effect of binocular disparity cue, which is provided by a stereoscopic display. Therefore, since it is necessary to isolate any other cues that enable depth perception, a plane image as shown in the Fig. 3 (a) is used for this experiment. Initially, the two objects are placed at the same depth level relative to the screen, as shown in Fig. 3(b) . The depth of the right object is gradually changed (increased or decreased) at a predetermined rate, while the depth of the left hand side object is kept unchanged. This is illustrated in Fig. 3(c) and Fig. 3(d) .
The subjects signal to the coordinator, when they sense a change in the depth level difference between the two objects. They are asked if the right object moves towards the front or back relative to the left object. To ensure the reliability of the experimental outcomes, the responses of the subjects (2 in total) who answer this question incorrectly are discarded from the final analysis.
In the experiment, the depth of the right object is changed in increments of one depth level. The color image is not changed/ altered during the entire sequence. The depth level of the right object is changed every 1.5 second (i.e. 3 frames in the depth map for each depth level and the sequence is played at 2 fps).
Results of the JNDD Evaluation Experiment
The Results of the experiment described in 3.2 are summarized in Table I . The results are presented in the units of depth levels, where each depth level in this experimental setup corresponds to approximately 1.2mm (30.5cm / 255). The JNDD corresponds to the number of unnoticed depth levels. The JNDD is a minimum at the screen level at which the disparity is zero, and increases towards the near and far clipping planes, which can be explained by Weber's Law. The JNDD values in Table I are display dependant and should be verified for a different type of 3D display.
EXPLANATION OF THE DEPTH PERCEPTION RESULTS
This section proposes a simple method to assess how depth impairments would affect the perception of depth in a 3D video scene. Based on the JNDD investigation that was reported in section 3, the following text explains the reason for the depth perception results that were presented in section 2.
During the encoding and decoding process, the pixel values of the depth image change from its original, causing distortions on the stereoscopic views that are rendered with it. These distortions trigger changes in the perceived depth. However, the JNDD investigation done in the previous section suggests that observers do not perceive a change of depth until the depth level is increased or decreased by at least 16 levels (~7%). Thus, pixel changes in the depth image do not cause distortions to the perceived depth, unless those changes exceed a particular threshold. This threshold corresponds to the JNDD value, measured in units of depth levels. 
Determination of the Regions of Perceivable Depth Distortion
In analyzing the effect of pixel errors on the depth perception, it is important to identify the regions in which there is perceivable distortion. For this purpose, we produce a 'Distortion Map' that highlights the pixel positions with a perceivable distortion.
For the following explanation, let X and Y denote the original and the distorted depth images, respectively. The perceivable distortion (E) caused by a change of pixel value located at position (i,j) is calculated as given in the Equation (1).
In Equation (1), D JND is the just noticeable difference in depth or the number of unnoticed depth levels corresponding to the depth at (i,j), denoted by X(i,j). This D JND is calculated according to the JNDD values derived experimentally in the previous section. Ideally, D JND should change according to the depth level of each pixel (X(i,j), in this case). However, to reduce the computational complexity, we calculated D JND discretely, considering a specific set of bins. These bins are illustrated in Equation (2). 
The D JND value for each of the bins identified in Equation (2) is calculated as the average of the number of unnoticeable depth levels, at the beginning and end depth level of each bin. This calculation is further shown in Table II . Since we deal with integers, D JND for each bin, as shown in Table II , is rounded to the nearest integer number.
The Distortion Maps given in Fig. 4 illustrate the locations in which there is a perceivable distortion of depth. In other words, the Distortion Map indicates the pixels where E(i,j) > 0. This distortion map is useful to identify the regions of perceivable depth distortions. 
Discussion
All the Distortion Maps shown in the Figure 4 , which correspond to the highest impairment level considered in the experiments, indicate that the perceivable distortions occur only on the object boundaries. There are almost no perceivable distortions within the objects of interest. Even the existing distortions on the object boundaries are at most only 2-3 pixels in width. Depth differences of these few pixels are of very low significance to the overall perception of depth, since the depth of the objects of interest have not changed at all. Thus, the overall perception of depth, in general, is not affected by the compression process.
However, the slight decrease in depth perception can also be explained using the Distortion maps. The slight distortion on the object boundaries, as seen in Fig. 4 , would cause some rendering distortions that may be visible to the human eye. This leads to slight flickering on object boundaries. Furthermore, this inconsistency of the depth and rendering distortions would cause eye strain. This could well be the reason for some subjects to rate a slightly lower depth perception at higher quantization levels.
Thus, the compression artefacts introduced by the codec used in this experiment do not cause significant perceptual depth changes. However, for different types of depth image impairments and different viewing conditions, this observation may not hold.
CONCLUSIONS
This paper investigated the variation of the subjective quality of depth perception with the quantization level of the depth maps. In particular the paper focused on the color plus depth representation of 3D video. A subjective experiment, which was carried out on an auto stereoscopic display, revealed that the depth perception does not significantly change with the quantization level of the depth image, when the color image is kept unchanged. To explain this observation another subjective evaluation was carried out on the same display to determine how sensitive the humans are to changes in depth. We experimentally derived the Just Noticeable Difference in Depth (JNDD) values at various depth levels. The JNDD results suggest that for the viewing conditions considered in the paper, the humans are not sensitive to slight variations of depth. On average a depth pixel should change its value by at least 7% (16 levels at 128 testing depth level) for a human to perceive any change of depth. Based on these JNDD results we proposed a method of assessing the effect of depth impairments with the aid of Distortion maps and discussed why the depth perception does not change significantly with the quantization level. It could be concluded that for the conditions described in this paper, the perception of depth will not be affected by the quantization of the depth map. However, for different viewing conditions, such as for different displays, the JNDD values need to be verified again. At the moment, we are working on using the JNDD results for compression and processing of depth maps and hope to validate them on different types of 3D displays in the future.
